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Method for the Electron-microscopic Observation of a Semiconductor 
Arrangement and Apparatus Therefor 

Background of the Invention 

1 ) Field of the Invention 

[0001] The invention relates to a method for the electron-microscopic observation 
of a semiconductor arrangement having a topology with a high aspect ratio. The 
invention further relates to an apparatus for observing such a semiconductor 
arrangement. 

2) Brief Description of Related Art 

[0002] Structures with a high aspect ratio are usually encountered in semiconductor 
manufacture. These are, for example, contact holes, trenches, etc. 
[0003] In order to image semiconductor structures and, in particular, in order to 
visuaUze defects in such semiconductor structures during manufacture, 
electron-microscopic methods are conventionally employed. 

[0004] A very common method in this respect is to image semiconductor structures 
by means of a scanning electron microscope "SEM". However, it has been found 
that it is difficult to image structures with a high aspect ratio by means of a SEM, 
because secondary electrons which emanate from bottoms of deeper regions of the 
structures are absorbed by the walls of such structures. As a result, a significant 
number of such secondary electrons cannot enter the objective of the microscope. 
Therefore, deeper structures cannot be satisfactorily imaged by means of a SEM. 
[0005] From US patent 6,232,787 Bl, a method is known wherein a SEM is used to 
negatively charge upper surfaces of a semiconductor structure to be examined 
relative to a bottom of a recess which has a high aspect ratio and is surrounded by 
the upper surface. Due to this charging, artifacts are deliberately generated in the 
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imaging of the semiconductor structure. It can thus be concluded from these 
artifacts the presence of manufacturing defects of the structure with a high aspect 
ratio, for example, a hole. This is because the artifacts cause a hole fabricated with 
a defect to appear in the electron-microscopy image larger or smaller than a hole 
corresponding to the specification. However, in this respect, it is presumed that 
each hole has a predetermined hole size which is then compared with the hole size 
appearing in the electron-microscopic image. However, this method does not 
provide a satisfactory image of the hole bottom either. 

Summary of the Invention 
[0006] Accordingly, it is an object of the present invention to provide a method for 
electron-microscopic observation of semiconductor structures which allows 
observing structures with a high aspect ratio with increased flexibility. 
[0007] In particular, it is an object of the invention to obtain substantially 
artifact-free images of deeper structures and, moreover, to enable a qualification of 
the finished structures without previous knowledge of the geometry thereof. 
[0008] Moreover, it is also an object of the invention to provide an electron 
microscopy system with which such semiconductor structures are advantageously 
observable. 

[0009] According to the invention, an electron microscope type is provided for the 
observation of structures with a high aspect ratio which is referred to among experts 
as "SEEM" (secondary electron emission microscope). 

[0010] In a scanning electron microscope (SEM), an image of the object to be 
examined is obtained in that a finely focused primary electron beam scans the 
surface of the object and secondary electrons emanating from the object are detected 
position-independently. The position resolution of the image is obtained here due to 
the knowledge of the position to which the primary electron beam is directed. In 
contrast, in a SEEM an entire extended object field under observation is 
simultaneously illuminated by a correspondingly extended electron beam, and the 
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secondary electrons emanating from this object field are imaged on a 
position-sensitive detector such that a substantially sharp image of the object field 
under observation is generated there. 

[0011] To enable this position-true imaging of the secondary electrons from the 
object field to the detector, it is necessary to apply in direct proximity to the object a 
strong electric field substantially normal to the surface of the object, which electric 
field acts as an attractive field and accelerates the electrons away fi-om the surface. 
As a result, electrons, such as secondary electrons emitted with a motion component 
transverse to the surface normal, are prevented from traveling large paths 
transversely to the surface normal, and, as a result, from producing an excessive and 
uncompensatable image blur. Due to this strong electric attractive field which is to 
be applied in a SEEM between sample and SEEM objective, the SEEM has so far 
merely been used for observing objects which are of substantially planar shape. It 
was assumed that spatially structured objects cause a local distortion of the 
attractive field which destroys the desired high resolution of the electron 
microscope, hi particular, a SEEM was considered unsuitable for the observation of 
semiconductor structures which have a more structured topography so that, due to a 
peak effect, electric field strengths are generated at edges of the semiconductor 
structures which comprise field components which are also directed transversely to 
the normal towards the surface as a whole of a semiconductor wafer and thus 
prevent a position-true imaging of the emitted electrons on the detector. 
Particularly high electric fields produced at such edges may even result into electric 
arc-overs within the semiconductor structures and might even destroy the same. 
[0012] The inventors have now found out that semiconductor structures with a high 
aspect ratio can be surprisingly well imaged by means of a SEEM. 
[0013] The invention is thus based on the finding that an electron microscope of the 
type referred to as SEEM is suitable for the observation of semiconductor structures 
with a high aspect ratio. 
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[0014] Accordingly, the invention starts from a method for the electron-microscopic 
observation of an object by means of an electron microscope type w^hich comprises 
an electron microscope of the type referred to as SEEM. This method thus 
comprises: 

providing an electron microscopy optics for imaging secondary electrons 
which emanate from a spatially extended object field of the object onto a 
position-sensitive detector, 

providing an illumination device for emitting a primary energy beam and 
directing the primary energy beam to at least the object field in order to 
release secondary electrons therefrom. 

[0015] The imaging of the object field on the detector is effected in a 
position-preserving manner, that is, a topology present in the object is imaged on the 
position-sensitive detector such that from the image obtained by the 
position-sensitive detector it can be concluded to the positional structure of the 
object. The primary beam shall not be limited to an electron beam, but shall 
comprise any type of energy which is suitable to release secondary electrons from 
the object to be examined, namely, a photon beam or an ion beam, for example. 
[0016] In this respect, the invention is distinguished in that this method is used to 
examine a semiconductor structxxre with a high aspect ratio, such as a structure 
which comprises an upper sxuface provided by a first material and a recess which is 
surrounded by the upper surface and has a high aspect ratio, the bottom of said 
recess being provided by a second material. 

[0017] The first material can be different from the second material. However, it is 
also possible that the first material and the second material both comprise the same 
material. 

[0018] A structure wdth a high aspect ratio in terms of the present application is a 
structure wherein, in the case of the recess, a ratio of the depth of the recess to a 
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cross dimension of the same is more than 1.5, preferably, more than 4.0, further 
preferred, more than 10.0 and, still further preferred, more than 15.0. 
[0019] It has been found that, by means of this method, structures with a high aspect 
ratio are surprisingly observable. In particular, position-resolved images, for 
example, of bottom surfaces of such recesses with a high aspect ratio can be 
obtained as well. 

[0020] Preferably, the primary energy beam is provided by a primary electron beam, 
and the method is preferably used here to also examine such structures wherein the 
first material is substantially electrically non-conductive. In this respect, it is 
preferred for a kinetic energy of the electrons of the primary electron beam to be 
adjusted such that the upper surface is positively charged relative to the bottom. In 
such a charge configuration between bottom and upper surface, an electric field is 
produced in the recess which forms a continuation of an attractive field applied 
between an objective of the electron microscopy optics and the upper surface of the 
structure to be examined. If such a charge configuration were not present, the 
attractive field would be partly shielded in the recess and could not sufficiently 
penetrate thereinto down to the bottom of the recess. As a result, this charge 
configuration provides an electric field also near the bottom of the recess which acts 
as attractive field and accelerates the secondary electrons emanating from the 
bottom towards the electron microscopy optics so that also spatial structures at the 
bottom of the recess can be imaged on the detector in position-resolved manner. 
[0021] In order to obtain such a charge configuration, the kinetic energy of the 
electrons of the primary electron beam is preferably adjusted on the basis of the 
following consideration: 

[0022] A material which is substantially electrically non-conductive has a secondary 
electron yield characteristic which, dependent upon the energy of the primary 
electrons, has a first neutral point and a second neutral point as well as a maximum 
between the two neutral points. The secondary electron yield a is defined here as 
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the ratio between the primary electrons impinging on the sample and the secondary 
electrons emanating from the sample. 

[0023] By the energy of the primary electrons, it is more exactly imderstood the 
kinetic impinging energy, that is, the energy at which the primary electrons impinge 
on the sample surface. 

[0024] At lower energies of the primary electrons below the first neutral point fewer 
secondary electrons are released from the object than primary electrons impinge 
thereon. For this reason, the object is charged negatively. At the first neutral point, 
substantially as many secondary electrons are released as primary electrons impinge 
thereon. The object is substantially not charged. At energies between the first and 
the second neutral points, more secondary electrons are released from the object 
than primary electrons impinge thereon. For this reason, the object is positively 
charged. Above the second neutred point, the energy of the primary electrons is so 
high that they penetrate deeply into the object and release relatively few secondary 
electrons from the surface regions thereof so that the object is negatively charged. 
[0025] In order to obtain the positive charge of the upper surface relative to the 
bottom of the recess, the kinetic energy of the electrons of the primary electron 
beam is thus preferably set to an energy value which is higher than a corresponding 
energy value of the first neutral point of the secondary electron yield characteristic 
of the first material, that is, the material which provides the upper surface. 
[0026] In terms of the present application, a material which is substantially 
electriceilly non-conductive is a semiconductor which, as far as its respective 
application is concemed, is medium doped. Preferably, it is a semiconductor which, 
as far as its respective application is concemed, is weakly doped. Further preferred, 
it is a semiconductor which is substantially undoped and, in particular, a material 
which is used as insulator in semiconductor manufacture, for example, silicon oxide, 
silicon dioxide, silicon nitride or the like. Further, in the present context, 
non-conductors are materials which unintentionally reach the bottom of the recess 
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during the manufacturing process of the semiconductor and obstruct an electric 
contacting there, such as residues of a photoresist or the Uke. 
[0027] In terms of the present application, a substantially electrically conductive 
material is, for example, a material for manufacturing a conductor line, for example, 
of a metal, a highly doped semiconductor or also a semiconductor which, as far as 
its application is concerned, is medium doped. 

[0028] If the second material, that is, the material of the bottom of the recess is also 
a substantially electrically non-conductive material, it has a similar secondary 
electron yield characteristic as has been described above for the first material. 
However, the two materials can be different from each other, so that the secondary 
electron yield characteristics of the two materials then differ from each other, for 
example, in regard of the energies at which the first and second neutral points and 
the respective maxima occur. 

[0029] In this respect, it is advantageous for the kinetic energy of the primary 
electrons to be then set to an energy value at which the secondary electron yield 
characteristic of the first material is higher than that of the second material. 
[0030] If, for example, the maximum of the secondary electron yield characteristic 
of the first material occurs at a higher energy than the corresponding maximum of 
the second material, the kinetic energy of the primary electrons is preferably set to 
an energy value which is higher than the energy at which the secondary electron 
yield characteristics of the two materials intersect. In this energy range the 
secondary electron yield of the material of the upper surface is higher than that of 
the material of the bottom of the recess so that a positive charge of the upper surface 
relative to the bottom of the recess is easily obtained. 

[0031] As an alternative or in addition to the provision of the primary energy beam 
by a primary electron beam, the primary energy beam can also comprise a photon 
beam or/and an ion beam. Photons or ions are also suitable to release secondary 
electrons from the object under examination which can then be imaged through the 
electron microscopy optics on the position-sensitive detector. 
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[0032] As the photon beam itself does not apply any charge to the object, the 
secondary electrons released by the photons from the object cause the object to be 
positively charged. As a result, by use of a photon beam, it is relatively easy to 
positively charge regions of the object. 

[0033] Vice versa, due to their own usually positive charge, the ions of an ion beam 
contribute to the sample being charged, which can likewise be utilized to obtain a 
desired charge configuration of the semiconductor structure. 
[0034] Here, it is preferably provided for that the photon beam impinges 
transversely to a normal on the upper surface and, in particular, includes an angle of 
10° and 80° with the same. As a result, it is enabled that the photon beam impinging 
obliquely on the upper surface does not impinge on the recess so that the desired 
positive charge of the upper surface relative to the bottom of the recess can be 
achieved with ease. 

[0035] However, it is also possible to dkect the photon beam substantially normal to 
the upper surface so that it also reaches the bottom of the recess. A positive charge 
of the upper surface relative to the bottom is substantially achieved when the first 
material and the second material are different from each other. 
[0036] Preferably, it is further provided for that the electron microscopy optics is 
able to displace the object field which is imaged on the detector relative to the 
detector in a plane of the upper surface. This enables to image different regions of 
the object under observation on the detector without havmg to displace the object 
mechanically relative to the detector. 

[0037] Such an electron microscopy optics is described in the co-pending German 
patent application DE 101 31 931.2 of the applicant. The full disclosure of this 
application is incorporated herein by reference. 

[0038] Moreover, it is advantageous for the electron microscopy optics to comprise 
an image-preserving energy filter so that the energy of the secondary electrons 
which are imaged on the detector is selectable. Such an energy filter is known, for 
example, from European patent application EP 0 218 920 A2. In particular, it is 
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then possible to adjust the image-preserving energy filter such that secondary 
electrons released from the positively charged upper surface are substantially not 
imaged on the detector. Accordingly, substantially only secondary electrons are 
imaged in position-resolved manner on the detector which emanate from the bottom 
of the recess so that the structures thereof are recognizable in the image read out 
from the detector with comparatively good quality. 

[0039] According to a fiirther aspect, an electron microscopy system is provided by 
the invention which comprises a controller with a memory for storing predetermined 
settings of values of a lower or/and an upper energy limit of an energy window 
or/and a kinetic energy of electrons of a primary electron beam. 

Brief Descript ion of the Drawing s 
[0040] Embodiments of the invention are described below in fiirther detail with 
reference to the accompanying drawings, wherein 

[0041] Figure 1 is a schematic representation of an electron microscope for 
implementing an embodunent of the method according to the 
invention, 

[0042] Figure 2 is a schematic sectional view of a semiconductor structure 
with a high aspect ratio observed with the electron 
microscope of Figure 1, 

[0043] Figure 3 is a graphical representation of a secondary electron yield 
characteristic for a material having a structure as shown in 
Figure 2, 



[0044] Figure 4 



shows energy spectra of secondary electrons which emanate 
from the structure shown in Figure 2, 
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[0045] Figure 5 



is a schematic representation of an image-preserving energy 
filter used in the electron microscope of Figure 1, 



[0046] Figure 6 



shows a picture of a semiconductor arrangement having 
structures v^th a high aspect ratio taken by the electron 
microscope shown in Figure 1 at a first setting of an energy 
filter similar to that shown in Figure 5, 



[0047] Figure 7 



shows a picture of a semiconductor arrangement having 
structures with a high aspect ratio taken by the electron 
microscope shown in Figure 1 at a second setting of the 
energy filter shown in Figure 5, 



[0048] Figure 8 



shows graphs of secondary electron yield characteristics for 
materials of a semiconductor structure which is similar to the 
structure shown in Figure 2, 



[0049] Figure 9 



is a schematic representation of a further electron microscope 
which is suitable for implementing an embodiment of the 
method according to the invention, 



[0050] Figure 10 



is a schematic explosion view of an objective system of the 
electron microscope shown in Figure 9, 



[0051] Figure 11 



shows several schematic representations of field 
configurations to illustrate the fimction of the objective shown 
in Figure 10, 
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[0052] Figure 12 is a schematic representation of a further electron microscope 

suitable for implementing an embodiment of the method 
according to the invention, and 

[0053] Figure 13 shows structures with a high aspect ratio and defects to 

illustrate further embodiments of the method according to the 
invention. 

Detailed Description of Exemplary Embodiments 
[0054] Figure 1 schematically shows an electron microscope 1 which is suitable for 
implementing the method according to the invention. The electron microscope 1 
serves to examine a semiconductor structure 3 which is positioned as object to be 
examined in front of an objective system 5 of the electron microscope 1 . 
[0055] The semiconductor arrangement 3 constitutes, for example, a part of a 
semiconductor wafer or the like and has a topology comprising structures with a 
high aspect ratio, as it is shown schematically in Figure 2 with reference to a recess 
7. The structure 3 shown in Figure 2 forms part of a semiconductor wafer 9 and 
comprises a layer 11 of Si02 of a thickness d of, for example, 2.5 |im which is 
deposited on a layer 13 of a metal, such as copper, for example. The Si02 layer 1 1 
has an upper surface 15 which faces towards the objective system 5 of the 
microscope 1 . The recess 7 is formed in the Si02 layer 1 1 and extends from the 
surface 15 through the Si02 layer 1 1 as through hole to the metal layer 13 which 
forms a bottom 1 7 of the recess 7. The recess 7 has a dimension w transverse to the 
upper surface 15 of 250 nm. 

[0056] The objective system 5 of the electron microscope 1 is substantially 
symmetric with respect to an optical axis 19 of the objective system 5 and comprises 
a magnetic winding 21 for generating a focusing magnetic field and an aperture 
electrode 23 which is held on a positive potential relative to the semiconductor 
wafer 9 by means of a controllable voltage soiH'ce 25. However, an electric 
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extraction field can also be applied between the aperture electrode 23 and a 
displaceable positioning table (not shown) holding the wafer. 
[0057] The potential between the aperture electrode 23 and the object to be 
examined with the electron microscope 1, namely the semiconductor arrangement 3, 
serves to provide an electrostatic attractive field above the surface 15 of the wafer 9 
which serves to accelerate secondary electrons emanating from the semiconductor 
structure 3 towards the aperture electrode so that the secondary electrons pass 
through this aperture electrode 23 and enter the objective system 5. 
[0058] The objective system 5 forms part of an electron microscopy optics 27, 
which further comprises an image-preserving energy filter 31, further magnification 
optics 33 and a position-sensitive electron detector 35, such as a CCD chip, for 
example. The electron microscopy optics 27 provided such that a 
two-dimensionally extended region 37 having a diameter M of 9 yum of the object to 
be examined is electron-optically imaged substantially sharply on a sensitive surface 
39 of the position-sensitive detector 35. This imaging is performed in 
position-preserving manner, that is, through the electron-optical imaging, there is 
allocated to each point within the region 37 a corresponding point on the detector 
surface 39 on which the electrons are imaged which emanate from the 
semiconductor arrangement 3, at the corresponding point in the region 37. 
[0059] The secondary electrons emanating from the semiconductor arrangement 3 
are thus first accelerated in the direction of the optical axis 19 in the attractive field 
applied between the wafer 9 and the aperture electrode 23, then enter the objective 
system 5 and are focused there by the focusing field generated by the magnetic 
winding 21, while the secondary electrons continue to move in the direction of the 
optical axis 19. The secondary electrons then pass through the image-preserving 
energy filter 3 1 which allows such partial beam of the beam entering the energy 
filter 3 1 to pass through which substantially comprises only electrons having a 
kinetic energy within a limited energy range or energy window, the position 
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information of the electrons imaged by the electron microscopy optics being 
preserved. 

[0060] After having exited from the energy filter 3 1, the electrons selected by the 
energy filter 3 1 pass through the fiirther magnification optics 33, which serves to 
fiirther increase the magnification achievable by the electron microscope 1, before 
the electrons then impinge on the sensitive surface 39 of the position-sensitive 
detector 35. 

[0061] The image-preserving energy filter 31 is schematically shown in fijrther 
detail in Figure 5. The energy filter 3 1 comprises three sector magnets 41 , 42 and 
43 and an aperture stop 46. The path of the beam through the energy filter 3 1 is first 
explained with reference to an electron beam 45, the electrons of which have a first 
kinetic energy. The electron beam 45 enters the sector magnet 41 at an entrance 
side 47 and is deflected by the same to the right by an angle of slightly more than 
90°. The beam then exits again firom the sector magnet 41 . Subsequently, the 
electron beam 45 enters the sector magnet 42, is deflected by the same to the left by 
an angle of again more than 90° before it exits from the sector magnet 42 to pass 
through the aperture stop 46. The structure of the energy filter 3 1 is symmetric with 
respect to the plane of the aperture stop 46 so that the electron beam, after having 
passed through the aperture stop 46, is deflected by the sector magnet 43 to the left 
and then enters again the sector magnet 41 to be deflected by the same to the right 
such that it exits fi^om the sector magnet 41 in a substantially identical direction in 
which it had previously entered the same. The sector magnets 41 and 42 cooperate 
to act as a lens such that a beam crossover is produced in the aperture stop 46, that 
is, that the beam 45 is substantially sharply focused in the plane of the aperture stop 
46. 

[0062] Electrons which have a lower energy than the electrons of the beam 45 travel 
on the path designated by 49 in Figure 5: they are deflected in the sector magnet 41 
at a larger angle than the electrons in beam 45 and are then deflected in the sector 
magnet 42 likewise at a larger angle than the electrons of the beam 45 and, for this 
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reason, exit from the sector magnet 42 offset approximately parallel from the beam 
45 and cannot pass through the aperture stop 46. 

[0063] hi order to release secondary electrons from the two-dimensionally extended 
region 37, an illumination device is provided which supplies energy to the region 37 
via a primary energy beam, hi the electron microscope 1, this primary energy beam 
comprises a primary electron beam 51 as well £is a photon beam 53. 
[0064] The primary electron beam 5 1 is generated by an electron source 55 and first 
emitted in a direction transverse to the optical axis 19. The kinetic energy of the 
primary electrons is adjustable by means of a controllable acceleration electrode 
integrated into the electron source. 

[0065] The primary electron beam 51 then passes through a focusing optics 57 and 
enters a part of the energy filter 3 1 which assumes the fimction of a beam deflector 
29 for the primary electron beam 51. The primary electron beam 51 is deflected by 
the beam deflector 29 such that it extends along the optical axis towards the 
semiconductor wafer 9 and is focused by the objective system 5 such that it 
illuminates the two-dimensionally extended region 37 on the wafer with a 
substantially uniformly distributed intensity. It is evident from Figure 5 that the 
sector magnet 41 of the energy filter 31 forms the beam deflector 29. 
[0066] The photon beam 53 is generated by a suitable photon source 59 which can 
be provided by a laser, for example. The photon source 59 can be positioned 
outside of a vacuum shell 61 in which the semiconductor wafer 9 is positioned in 
front of the electron microscopy optics 27. The beam 53 passes through the vacuima 
shell 61 through a suitable window. 

[0067] A controller 63 is provided for adjusting an energy of the primary electrons 
51 emitted by the electron source 55 in order to adjust the voltage provided by the 
voltage source 25 for generating the attractive field so as to adjust the beam 
deflector 29 for deflecting the primary electron beam and for deflecting the 

secondary electron beam in order to set a range of the kinetic energy of the 
secondary electrons in the energy filter 3 1 which must comprise secondary electrons 
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to pass through the energy filter 3 1 and in order for the images read out from the 
detector 35 to be received. 

[0068] Figure 3 shows a secondary electron yield a for the materials of the 
semiconductor arrangement 3 shown in Figure 2 dependent upon the kinetic energy 
of the primary electrons impinging on the material. For the SiOj material 1 1 the 
secondary electron characteristic is represented by a curve 65. 
[0069] At primary electron energies below a first neutral point E„ less secondary 
electrons are released fi-om the material than primary electrons impinge on the same, 
so that the secondary electron yield is less than 1 and the material is accordingly 
negatively charged. Above a second neutral point E2, at which the energy is higher 
than that of the first neutral point E,, there are also less secondary electrons released 
from the material than primary electrons impinge on the same. Accordingly, the 
material is also negatively charged at such energies. Between the two neutral points 
El and E2 the secondary electron yield characteristic 65 has a maximum at an energy 
En,. At such energies, more secondary electrons are released from the material than 
primary electrons impinge on the same. Therefore, the material is correspondingly 
positively charged. 

[0070] The controller 63 adjusts the energy of the primary electrons of the primary 
electron beam 51 such that the primary electrons impinge on the upper surface 15 of 
the Si02 layer 1 1 with an energy Ep of about 2keV which lies between the energies 
En, and E2. 

[0071] This results into a positive charge of the surface of the SiOj layer 1 1, as it is 
schematically intimated in Figure 2. 

[0072] The primary electrons impinging on the bottom 17 of the metal layer 13 
generate a number of secondary electrons which need not necessarily correspond to 
the number of impinging primary electrons. However, the layer 13 is conductive so 
that appreciable charges caimot be achieved at the bottom 17. However, the bottom 
17 is negatively charged relative to the upper surface 15, because the latter is 
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positively charged. This relative negative charge is likewise schematically shown in 
Figure 2. 

[0073] The negative charge of the bottom 17 relative to the upper surface 15 causes 
secondary electrons emanating from the bottom 17 to be accelerated already within 
the recess 7 towards the opening of the recess 7 in the upper surface 15 and pass 
through this opening already with a kinetic energy which is higher than the kinetic 
energy at which the secondary electrons emanate from the upper surface 1 5. This is 
schematically illustrated in Figure 4. In this Figure, a curve 67 reflects an energy 
spectrum of the secondary electrons emanating from the upper surface 15, that is, a 
number N(E) of these secondary electrons dependent upon the kinetic exit energy E 
thereof The curve 67 shows a distinct maximum with a half-field-strength width 
AE. 

[0074] An energy spectrum of primary electrons emanating from the bottom 17 of 
the recess 7 would give a curve very similar to curve 67 of Figure 4. However, due 
to the different materials of the layer 13 and the layer 11, differences in the course 
of the spectrum can result. However, the electrons emanating from the bottom 17 of 
the recess 7 are accelerated by an electric field within the recess which is generated 
in the recess 7 by the relative negative charge of the bottom 17 relative to the upper 
surface 15. Accordingly, the electrons emanating from the bottom 17 are 
accelerated within the recess 7 and exit the recess 7 with a correspondingly higher 
kinetic energy. The energy spectrum of the electrons emanating from the bottom 17 
at the location of the recess at the height of the upper surface 15 is shown in Figure 
4 by a curve 69. 

[0075] This curve has a course similar to the curve 67. However, it is shifted 
towards higher energies relative to the curve 67 by an energy amount of AU. 
[0076] The controller 63 can adjust the energy filter 3 1 such that it substantially 
allows those electrons to pass which emanate from the upper surface 15 and are 
represented by the curve 67 in Figure 4 or that it substantially allows those 
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secondary electrons to pass which emanate from the bottom 17 of the recess 7 and 
are represented in Figure 4 by the curve 69. 

[0077] To this end, the energy filter can be adjusted in a first setting, for example, 
such that secondary electrons having a kinetic energy which is higher than an 
adjustable first threshold energy are blocked out. If the first threshold energy is 
adjusted to lie between the maxima of the two curves 67, 69, preferably those 
secondary electrons emanating fi-om the upper sample regions 15 which correspond 
to curve 67 reach the detector 35. 

[0078] In a possible second setting of the energy filter, wherein secondary electrons 
with energies lower than the first threshold energy are blocked out, preferably 
secondary electrons emanating from the bottoms 17 reach the detector 35. 
[0079] Alternatively, an upper threshold and a lower threshold energy can be 
provided for the energy filter so that only secondary electrons within such a limited 
energy range can pass through the energy filter. 

[0080] The vndth of the energy range can be adjusted in that a width of the aperture 
stop 46 (figure 5) of the energy filter 3 1 is changed by mechanically shifting two 
halves of the stop 46 transversely to the direction of the beam 45. The mechanical 
shift can be effected either manually or power-operated controlled by the controller 
63. 

[0081] The position of the energy range with an energy width defined by the width 
of the aperture stop 46 along the energy scale can either be adjusted by changing the 
magnetic fields provided by the sector magnets 41, 42, 43 controlled by the 
controller 63, However, it is preferred that this is effected by changing the electric 
voltage provided by the voltage source 25 between the aperture electrode 23 and the 
wafer 3. As a result, the strength of the extraction field is changed and thus also the 
kinetic energy of the secondary electrons after having passed through the aperture 
electrode 23. The secondary electrons then enter the energy filter 3 1 with a 
correspondingly higher or lower energy. 
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[0082] In the memory 64 of the controller 63, there are preferably stored several 
settings of the primary electron energy as well as the appropriate settings of the 
energy window, i.e., settings of the voltage source 25, in order to readjust the 
electron microscope faster from one setting to the other. 
[0083] With a change of the extraction field, the trajectories of the secondary 
electrons passing through the energy filter also change between the surface of the 
object 3 and the aperture electrode 23 as well as fiirther the trajectories of the 
secondary electrons after having passed through the aperture electrode 23 within the 
magnetic lens 21 . Or, in other words, by shifting the energy window, secondary 
electrons with different starting energies at the sample are selected for imaging. The 
objective has a different focusing effect on these secondary electrons with different 
starting energies. 

[0084] Although these changes in the trajectories are comparatively small, they 
nevertheless change a focusing of the electron microscopy optics 27 and thus the 
imaging quality with which the object is imaged on the detector 35. This change in 
the focusing caused by changing the extraction field for shifting the energy window 
of the energy filter 3 1 is compensated for in that the controller 63 changes the 
excitation of the magnetic winding 21 of the objective system 5 correspondingly. 
[0085] In the memory 64 of the controller 63, there are thus furthermore stored, in 
addition to the different settings of the energy windows, also excitations of the 
magnetic windings of the objective system 5 in order to be able to quickly change 
over between different settings of the electron microscope 1. 
[0086] Figures 6 and 7 show electro-microscopic pictures of the wafer 9 obtained 
with the electron microscope 1 wherein a plurality of recesses 7 are introduced in a 
hexagonal array. 

[0087] Figure 6 shows a picture obtained by the detector 35 with the controller 63 
having adjusted the energy filter 3 1 to the first above-mentioned setting, wherein 
substantially secondary electrons impinge on the detector 35 which are emitted from 
the upper surface 15. These are substantially secondary electrons which have a 
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kinetic energy of about 2.5 eV in the plane 15 of the upper surface. Accordingly, 
for this picture the value E^^„ of the energy window (see Figure 4) was set to 1 eV 
and the value E^^ of the energy window was set to 4 eV. The recesses 7 are visible 
in the picture as dark spots, however, with low contrast. 

[0088] Figure 7 is a picture obtained by the detector 35 with the energy filter 3 1 
having been adjusted to the second above-mentioned setting. Here, substantially 
those electrons impinge on the detector 35 which have been emitted from the bottom 
17. These are substantially those secondary electrons which have a higher kinetic 
energy of 12.5 eV in the plane of the upper surface due to the effect of the electric 
field within the recess. Accordingly, for this picture the values E^^^ and E^^^ were 
set to 1 1.5 eV and 13.5 eV, respectively. The recesses 7 are thus recognizable in the 
picture as light regions with good contrast relative to the surrounding upper surface 
15. 

[0089] The controller 63 of the electron microscope 1 shown m Figure 1 comprises 
a memory 64 for storing different parameters for the operation of the electron 
microscope 1 such that it can be quickly changed over between different settings, 
such as, for example, a setting for the visualization, in particular, of the upper 
surface 15 according to Figure 6 or a setting for the visualization of the bottoms 17 
of the recesses according to Figure 7. For each setting, in particular, the lower 
energy and the upper energy of the energy window of the energy fiher 31 and the 
energy of the primary electron beam 51 are stored. Moreover, further relevant 
parameters are stored, such as, for example, excitation currents for the focusing 
optics 57, the magnetic winding 21 of the objective system 5, the further 
magnification optics 33 or an additional winding of the beam splitter 29. 
[0090] According to a further embodiment of the invention, the electron microscope 
1 shown in Figure 1 is used to examine a semiconductor wafer 9 having a 
semiconductor structure 3 which is of similar configuration as shown in Figure 2. 
However, the layer 1 1 and the layer 13 are formed of different materials, both layers 
being, however, substantially electrically non-conductive. For example, the layer 1 1 
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is made of Si02 and the layer 13 of Si3N4. The two materials of the layers 11 and 13 
exhibit secondary electron yield characteristics as they are shown in Figure 8 by 
cxirves 65 and 81, respectively. Both curves 65 and 81 have first and second neutral 
points and a respective maximum therebetween, the energies in Figure 8 which 
relate to the material of the upper surface being designated by an superscripted letter 
b and the energies which relate to the material 13 of the bottom 17 being designated 
by the superscripted letter a. Both curves 81 and 65 intersect each other at an 
energy which, in the case shown, lies between the two maxima E^* and E^*". At 
energies which are higher than the energy E,, the curve 65 extends above curve 81 . 
This indicates that the material which provides the upper surface and is represented 
by the curve 65 is stronger positively charged than the material which provides the 
bottom and is represented by the curve 8 1 . Accordingly, in this material 
combination, too, a negative charge of the bottom of the recess relative to the upper 
surface is achieved. Here, too, an electric field is generated within the recess which 
accelerates the secondary electrons. Accordingly, in order to observe such 
semiconductor structure, the energy of the primary electrons, when impinging on the 
semiconductor structure, is adjusted via the controller 63 and the electron source 55 
such that the energy thereof lies above the point of intersection of the curves 65 and 
81 at the energy E^. In the described embodiment, the energy Ep of the primary 
electrons is set to a value between the maximum E^b and the second neutral point of 
the curve 65 at the energy £3^. 

[0091] Further variants of the electron microscope described with reference to 
Figures 1 to 8 are described hereinafter which are likewise suitable for 
implementing embodiments of the method according to the invention. Components 
which correspond in structure and function to the components shown in Figures 1 to 
8 are designated by the same reference signs, however, supplemented by an 
additional letter for the purpose of distinction. Reference is made here to the entire 
description as well. 
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[0092] In the situation shown in Figure 8, the energies El^ E^^ and E2*' of the 
secondary electron yield characteristic 65 of the material 1 1 which provides the 
upper surface 15 are above the corresponding energies Ej^, E^,^ and E^, respectively, 
of the material 13 providing the surface of the recess bottom 17. However, it is also 
possible that the energies of the material providing the recess bottom 17 are higher 
than the corresponding energies of the material providing the upper surface. In this 
case, the kinetic energy of the primary electrons must be adapted accordingly and, in 
particular, set such that the secondary electron yield of the material 1 1 providing the 
upper surface 15 is higher than the material 13 providing the bottom 17 of the recess 
7. 

[0093] An electron microscope la shown in Figure 9 is suitable for performing the 
method according to the invention and is used to image a semiconductor structure 3a 
on a wafer 9a, the semiconductor structure likewise comprising recesses with a high 
aspect ration as it has been described with reference to Figure 2. 
[0094] The electron microscope la comprises an electron microscopy optics 27a 
which is provided for imaging a region 37a of the surface of the wafer 9a on a 
position-sensitive detector 35a. The microscopy optics 27a has an optical axis 19a, 
the components of the microscopy optics 27a which in the beam path are closer to 
the semiconductor structure 3 than the energy filter 31a being positioned 
substantially symmetrical in respect of this optical axis. In contrast to the electron 
microscope shown in Figure 1, in the electron microscope la shown in Figure 9 the 
region 37a of the wafer surface imaged on the detector 35a is, however, displaceable 
Mdth respect to the optical axis 19. To this end, the electron microscopy optics 27a 
comprises an objective system 5a of two focusing lenses 85 and 87 which cooperate 
to act as lens doublet, the focusing lens 85 being the focusing lens of the doublet 
which lies closest to the wafer 9a. Secondary electrons emanating in the region 37a 
from the wafer thus pass first through the focusing lens 85, then through the 
focusing lens 87 and further through an image-preserving energy filter 31a which is 
likewise controlled by a controller 63a for selecting adjustable energies of secondary 
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electrons passing through the energy filter 31a. The secondary electrons selected by 
the energy filter 31a pass through a further magnification optics 33a, only 
schematically shown, before they impinge on the detector 35a in order to generate 
there an electron-microscopic image of the region 37a of the wafer 9a. 
[0095] Between the two focusing lenses 85 and 87 of the objective system 5a, there 
are positioned two deflectors 89 and 91 behind each other in the beam path, each 
deflecting electrons at equal opposite angles so that the two deflectors 91 and 89 
cooperate such that an electron beam passing through these two deflectors 89, 91 is 
displaced parallel by an amoxmt M transversely to the optical axis 1 9a. The two 
deflectors 89, 91 are controlled by the controller 63a to adjust the deflecting angle of 
each deflector and thus also to adjust the parallel beam displacement of the electron 
beam between entry into and exit from the two deflectors 89, 91 . The beam 
displacement of the secondary electron beam effected by the two deflectors 89, 91 
results in that the region 37a of the wafer 9a imaged on the detector 35a is 
displaceable in the plane of the wafer surface within structurally-induced limits, and 
thus selectable regions of the wafer surface can be imaged on the detector 35a. 
[0096] In the electron microscope la, a primary energy beam necessary to release 
the secondary electrons from the wafer surface is provided by a photon beam 53a 
which is generated by a suitable light source 59a and directed to the region 37a 
imaged on the detector 35a. The photon beam 53a is directed on the wafer surface 
via a reflection at a mirror 94 which is pivotable via a drive 96 controlled by the 
controller 63a for carrying along the region illuminated by the photon beam 53a on 
the wafer surface with the region 37a which is imaged on the detector 35a and 
displaceable with respect to the optical axis 19a so that it is not necessary to 
illuminate an excessively large region on the wafer surface with primary energy and 
the energy supply to the wafer is correspondingly decreased. 
[0097] The focusing lens 85 disposed close to the wafer 9a is perspectively and 
schematically shown in Figure 10. It comprises two planar aperture electrodes 95 
and 97 which are oriented orthogonally to the optical axis 19a and disposed spaced 
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apart from each other in the direction of the optical axis 1 9a. Each of the aperture 
electrodes 95, 97 has a slot 99 extending in x-direction for secondary electrons to 
pass through. 

[0098] In the direction of the optical axis 19a between the two aperture electrodes 
95, 97, there are provided two spaced apart rows of finger electrodes 101 which 
likewise extend in x-direction, the secondary electrons passing through between the 
two rows. The entirety of the finger electrodes 101 forms an electrode arrangement 
hereinafter referred to as comb electrode 103. A separately controllable voltage 
controlled by the controller 63 a can be applied to each of the finger electrodes 101 
and to the two aperture electrodes 95 and 97. In particular, the voltage applied to 
the aperture electrode 97 or the potential of the aperture electrode 97 relative to the 
wafer forms the attractive field which is necessary between the objective system 5a 
and the wafer to accelerate the secondary electrons away from the wafer. 
[0099] The controller 63 a applies such a voltage pattern to the finger electrodes 101 
that the electric field generated by the finger electrodes 101 has an approximately 
quadrupole symmetry as it is schematically shown in Figure lib. By appropriately 
controlling the finger electrode 101, an axis of symmetry 105 of the quadrupole field 
can be displaced in x-direction by the controller 63a. 

[00100] On the other hand, the two aperture electrodes 95, 97 each act on the 

secondary electrodes passing therethrough like a cylinder lens, as it is schematically 
illustrated in Figure 11a. Accordingly, a superposition of the cylinder lens field 
according to Figure 11a acts on the secondary electrons passing through the 
focusing lens 85 as it is provided by the two aperture electrodes 95, 97 and of the 
quadrupole field according to Figure 1 lb as it is provided by the comb electrodes 
103. This superposition of the electric fields corresponds to a round lens field with 
an axis of symmetry 105 as it is schematically shown in Figure 11c. 
[00101] This means that the effect which the focusing lens 85 has on the 

secondary electrons passing therethrough is that of a focusing round lens, the axis of 
symmetry 105 of which is displaceable in x-direction by the controller 63a. 
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[00102] In operation, the controller 63a applies such a voltage pattern to the 

finger electrodes 101 that the axis of symmetry 105 of the round lens field is 
displaced away from the axis of symmetry by the same amount M which 
corresponds to the beam displacement caused by the deflectors 89, 91 in order to 
displace the field 37a on the wafer surface imaged on the detector 35a. As a result, 
the effect of the focusing lens 85 on the secondary electrons emanating from the 
region 37a is substantially independent of the deflection M. As a result, aberrations 
which are generated by conventional round lens fields for beam paths extending 
remote firom the axis of symmetry of the round lens field are largely avoided. 
[00103] Figure 12 schematically shows an electron microscope lb suitable for 

performing the method according to the invention which is in structure similar to the 
electron microscope described with reference to Figures 9 to 11. 
[00104] In contrast to the electron microscope described with reference to 

Figures 9 to 1 1, in the electron microscope lb shown in Figure 12 the illumination 
of a region 37b of a wafer 9b imaged on a detector 35b is not effected by a photon 
beam but by a primary electron beam 51b. 

[00105] An electron microscopy optics 27b for imaging the region 37b of the 

wafer 9b on the detector 35b again comprises an objective system 5b with a 
focusing lens doublet of focusing lenses 85b and 87b and a pair of deflectors 89b 
and 91b disposed therebetween which cause a beam displacement of the secondary 
electron beam passing through the lens doublet 85b, 87b by two successively 
effected deflections at an angle p each. 

[00106] The focusing lens 85b of the lens doublet which is disposed closest to 

the wafer 9b again comprises an arrangement of apertvire electrodes and comb 
electrodes as explained wiih reference to Figures 10 and 11. 
[00107] The electron source 55b comprises a hot cathode 1 1 1 and an anode 

1 12, a voltage between the cathode 1 1 1 and the anode 1 12 being adjustable by the 
controller 63a in order to adjust the kinetic energy of the electrons of a primary 
electron beam 51b. The primary electron beam 5 lb is coUimated by a magnetic lens 
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57b and enters a beam deflector 29b which provides, for example, electric and 
magnetic fields oriented transversely relative to each other (Wien filter) so that it 
finally extends along the optical axis 19b towards the wafer 9b. The focusing lenses 
87b, 85b and the deflectors 89b and 91b also act on the primary electron beam 51b. 
The effect produced on the primary electron beam does not exactly correspond to 
the effect which the components 87b, 85b, 89b and 91b have on the secondary 
electron beam. However, by controlling the deflectors 89b and 91b and the comb 
electrodes of the focusing lens 85b, the region in which the primary electron beam 
51b impinges on the wafer is displaced relative to the optical axis 19b. Here, other 
than it applies for the secondary electron beam causing the electron-optical imaging 
of the region 37b on the detector 35b, there is no increased requirement to be met by 
the precision of the effect produced by the controlled components 89b, 91b and 85b, 
because the primary electron beam merely serves to illuminate the region 37b. 
[00108] The methods and electron microscopes described above with 
reference to Figures 1 to 12 are used to discover defects in the manufacture of 
structures having a high aspect ratio. Figures 13a and 13b show examples of such 
defects. On the left-hand side of each of these Figures, there is shown a flawlessly 
manufactured recess 7 in a material 1 1, the bottom of the recess 7 being fiiUy 
provided by a material 13. On the right-hand side of each of Figures 13a and 13b, 
there is symbolically shown a recess exhibiting a manufacturing defect. In Figure 
13a, the bottom of the recess 7 is fully formed of a defect material 12 which is 
different fi-om the materials 1 1 and 13. In Figure 13b, the bottom of the recess is 
provided merely partially by a defect material 12 which is different from the 
materials 11 and 13. 

[00109] In Figures 1 3a and 1 3b, a relative charge situation is indicated by the 
symbols and "++". This is due to the fact that the energy of the primary 

electrons is adjusted such that the upper material 1 1 is positively charged relative to 
the material 13 of the flawless bottom of the recess 7 and, moreover, the defect 
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material 12 is positively charged relative to the material 1 1 providing the upper 
surface. 

[00110] In the situation shovra on the right-hand side of Figure 13b, it is 

evident that the positive charge of the defect material 12 has an influence on the 
potential curve v^ithin the recess 7 such that an electric field accelerating secondary 
electrons out of the recess is reduced. Accordingly, secondary electrons emanate 
from the bottom 1 7 of the recess with a lower kinetic energy than it is the case in the 
flawless recess 7 on the left-hand side of Figure 13b. 

[00111] If in Figure 4 the curve 69 reflects the energy distribution of the 

secondary electrons emanating from the bottom of the flawless recess 7, Figure 4 
indicates an advantageous selection of the energy window with the energies E^^ and 
F 

^max- 

[00112] Figure 4 fiirther indicates in dashed line a curve 69 which reflects the 

energy distribution of the secondary electrons emanating from the bottom of the 
defective recess of Figure 13b. Due to the less accelerating field within the recess 7, 
the curve 69' is shifted towards lower energies as compared to the curve 69. In the 
indicated selection of the energy window (E^^, J, the defect material 12 in the 
recess thus causes a reduction of the secondary electron intensity within the energy 
window (E^i„, E^^J so that flawless recesses can be distinguished from defective 
recesses according to Figure 13b, that is, recesses the bottom 17 of which is partially 
covered with defect material. 

[00113] In the situation shovm in Figure 13a, the bottom 17 of the recess is 
positively charged relative to the upper surface 15 and an electric field is produced 
within the recess 7 which prevents secondary electrons from leaving the recess 7. 
Accordingly, only few secondary electrons leave the recess. 

[00114] If the material 13 of the bottom is an electrically conductive material 
and the material 1 1 of the upper surface and the defect material 12 are each 
non-conductors, it is advantageous for the kinetic energy of the primary electrons to 
be adjusted such that the secondary electron yield of the material 1 1 is higher than 1 
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and, moreover, the secondary electron yield of the defect material 12 is higher or 
equal to the secondary electron yield of the material 1 1 . 
[00115] Moreover, it is also advantageous for the kinetic energy of the 

primary electrons to be adjusted such that the secondary electron yield of the 
material 1 1 is less than 1 and, moreover, the secondary electron yield of the defect 
material 12 is lower than or equal to the yield of the material 1 1 . 
[00116] If the material 13 providing the bottom 17 is, moreover, a 
non-conductor, it is advantageous for the kinetic energy of the primary electrons to 
be adjusted such that the secondary electron yield of the material 1 1 is higher than 
that of the material 13 and, moreover, the secondary electron yield of the material 12 
is higher than or equal to that of the material 1 1 , 

[00117] In this respect, it is, moreover, likewise advantageous for the kinetic 

energy of the primary electrons to be adjusted such that the secondary electron yield 
of the material 1 1 is lower than the secondary electron yield of the material 13 and, 
moreover, the secondary electron yield of the defect material 12 is lower than or 
equal to the secondary electron yield of the material 1 1 . 

[00118] All of the above-mentioned settings and the associated settings of the 
energy window of the energy filter as well as of the other components of the 
electron microscope are advantageously stored in the memory 64 of the controller 
63 in order to quickly change over between the different operating modes of the 
electron microscope and to obtain correspondingly representative images of the 
semiconductor arrangement under examination, with different types of defects of the 
recesses or flawless recesses being easily determinable from different images. 
[00119] In the above-described electron microscopes of Figures 1, 9 and 12, 
electron beams and photon beams have been used for providing the primary energy 
beam. However, it is also possible to use ion beams for this purpose. In particular, 
it is also possible to use an ion beam for producing the secondary electrons which is 
continued to be used in another operating mode of the electron microscope for 
processing the semiconductor material, for example, for producing cuts therein. 
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[00120] Due to its beam path, the image-preserving energy filter described 

with reference to Figure 5 has a so-called Q-type structure. However, it is also 
possible to use alternative types of energy filters. One example in this respect is an 
energy filter referred to among experts as a-type. 

[00121] In the electron microscopes described with reference to Figures 9 and 

12, the focusing lens disposed closest to the wafer comprises a comb lens as 
described with reference to Figures 10 and 1 L This focusing lens is able to displace 
the axis of symmetry of its focusing lens effect in an x-direction transversely to the 
wafer surface. However, it is also possible to achieve this function by another lens 
type. An example for this is a magnetic focusing lens as it is described in the article 
"MOL" ("Moving objective lens")", Optic 48 (1997), pages 255 et seq., by E. Goto 
et al. or in US patent 4,376,249. A preferred embodiment of such a magnetic 
focusing lens with variable axis is described in German patent application DE 100 
44 199.8, the full disclosure of which is incorporated herein by reference. 
[00122] The present invention is not limited to the embodiments described 

above. Variations and modifications will occur to those skilled in the art that do not 
depart from the scope of the invention as recited in the claims appended hereto. 



